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We analyse from a theoretical point of view the optical 
properties of arrays of carbon nanotubes filled with silver. 
Dependence of these properties on the different parameters 
involved is studied using a Transfer Matrix formalism able to 
work with tensor-like dielectric functions and including the 
full electromagnetic coupling between the nanotubes. We 
find these structures exhibit very strong linear optical re- 
sponse and hence could be used as spectroscopic enhancers or 
chemical sensors in the visible range. Very localised surface 
plasmons, created by the electromagnetic interaction between 
the capped silver cylinders, are responsible of this enhancing 
ability. Enhancements of up to 10® in the Raman signal of 
molecules absorbed on these arrays could be obtained. 

PACS numbers: 78.66. Tr, 73.20.Mf, 82.65.P 

The so called coinage metals (Au, Ag and Cu) exhibit 
very strong linear and non-linear optical response when 
they are structured on the nanometre scale. Their abil- 
ity to enhance optical fields has been widely used in the 
last twenty years to study spectra of several molecules, 
taking advantage of the Surface Enhanced Raman Scat- 
tering (SERS) effect [||. This effect appears on suitably 
rough metal surfaces of Au, Ag or Cu and is connected 
with excitation of very localised surface plasmons present 
in the vicinity of highly coupled metal features [|| . How- 
ever, controlled use of coinage metals as spectroscopic 
enhancers has proven to be very difhcult, due to the ab- 
sence of well-defined, stable macroscopic materials made 
of them, and various approaches to preparation of or- 
dered arrays of metal nanoparticles have been reported 
only very recently |^ . Basically, these techniques consist 
of capping the nanoparticles with organic molecules of 
different sizes in order to control the interparticle sepa- 
ration. 

Carbon nanotube technology is another promising new 
area in materials science |^. Multishell nanotubes made 
of a number of concentric cylinders of planar graphite 
with diameters ranging from 2 to 25 nm and lengths of 
up to several microns have now become available. One 
of the most interesting applications of these nanometre 
size tubes is linked to their hollow character: carbon 
nanotubes could be used as nanoscale moulds. Filled 
nanotubes can be synthesised by capillary action ||] or 
by using composite anodes in the arc discharge re- 
sulting in formation of encapsulated compounds or elon- 



gated nanostructures of different materials (carbides, ox- 
ides, organic solvents or even pure metals). Very re- 
cently it has been possible to fill carbon nanotubes with 
a coinage metal like silver, using capillary forces 0. On 
the other hand, bulk alignment of nanotubes has been 
also reported using different techniques |^,^. In these 
ordered arrays the carbon nanotubes form very close- 
packed structures. 

The aim of this letter is to propose a scenario that com- 
bines both areas of materials science. We investigate the 
optical response of arrays of Ag-filled carbon nanotubes 
in order to see if the capacity of silver nanostructures to 
enhance optical fields is retained when they are encapsu- 
lated inside carbon nanotubes. If so, these well-defined 
structures could have important optical applications as, 
for example, spectroscopic enhancers or chemical sensors 
in the visible range. 

Our model for an array of Ag-filled carbon nanotubes 
is displayed in figure 1. The tubes are infinitely long 
in the z direction and form a periodic structure in the 
X direction. In accordance with experimental evidence 
10,^, the outer diameter of the nanotubes is chosen to 
be dout — 10 nm and the distance between them, d, 10.3 
nm (close-packed structure). It has been reported that 
only tubes with inner diameters of 4 nm or more can be 
filled with silver using capillary forces, and the distribu- 
tion of inner diameters is broad varying from 4 to 9 nm 
0. Bearing this in mind, the diameter of the encapsu- 
lated silver tubules, dm, will be varied in our calculations 
between 3 and 9.5 nm, in order to study dependence of 
the optical response of these arrays on the diameter of 
the inner core. Since the outer diameter of the tubes and 
the distance between them are fixed, varying dm changes 
the separation between metal nanoparticles. 

We consider an electromagnetic p-polarised plane wave 
of frequency uj and momentum k normally incident on the 
structure, and we analyse its interaction with an array of 
carbon nanotubes. For this polarisation, the incident E 
field is perpendicular to the axis of the tubes and surface 
plasmons of the nanotubes can be excited. In particu- 
lar, we calculate the optical reflectance, i?(k, w), of these 
structures and the possible enhancement of the electric 
field at various positions on the surface. For both quan- 
tities we first need to compute the reflection matrices, 
i?(k, k'; w), defining scattering of the incoming wave into 
outgoing waves of momenta k'. When dealing with ma- 



terials whose dielectric response disperses strongly with 
frequency, such as graphite and silver, on-shell methods 
like the one developed in our group are ideally suited 
to calculate these matrices. First we fix lo and hence e(aj) 
can be specified. By approximating the continuous fields 
by their values at a series of discrete points, we can con- 
struct the EM transfer matrix of our system. This trans- 
fer matrix, relating EM fields at one side of the structure 
to those on the other side in the y direction, allows us 
to calculate transmission and reflection coefficients for an 
incoming plane wave Once we have these matrices, 
the reflectance of the surface can be easily calculated: 



i?(k,cj) =^|i?(k,k';tj)| 



(1) 



where the sum runs over only propagating outgoing 
waves. 

In order to calculate the electric field surrounding the 
carbon nanotubes, we first construct the total E field 
outside the surface as a sum of the incident and reflected 
waves, 

Etotai(r,w) = e'''-'-E,„c(k,tj) (2) 
+ ^e''''-'-i?(k,k';a;)E(k',a;), 

k' 

where Ei„c(k, w) is the electric field associated with an 
incoming plane wave and E(k',aj) is the electric field as- 
sociated with the outgoing plane wave k'. In this case the 
sum runs over both propagating and evanescent waves. 
Then we integrate the EM fields in real space through the 
system to obtain a detailed picture of the electric field. 

As we said above, multishell nanotubes are made of 
several concentric cylinders of planar graphite. Graphite 
is highly anisotropic and it is necessary to distinguish two 
different components, and e_\_{uj), in its dielectric 

function for the directions parallel and normal to the axis, 
respectively. When transferring these dielectric functions 
to cylindrical geometry, for every point {x,y) inside the 
nanotube and outside the inner core we can write down 
a local dielectric tensor [0,[l2| , 
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(3) 



where r = yjx^ -\- y'^. For a point inside the inner core 
the local dielectric tensor is diagonal and equal to the 
dielectric function of silver, eAg(w). For the calculations 
we show in this paper we have used the dielectric func- 
tions of graphite and ej^(aj)) and silver (eyig('^)), 
as tabulated in Ref. [l^ ]. 

Very recently, an extension of the Transfer Matrix for- 
malism described above has been developed which 
is able to solve Maxwell equations with tensor-like di- 
electric functions like the one present in Eq. (3). This 



method has been applied with success to explain the 
reported optical data of aligned carbon nanotube films 
Q . Within this on-shell formalism it is possible to com- 
pute the reflection matrices needed to calculate the opti- 
cal reflectance and the electric fields in real space. 

The linear optical response of silver and other coinage 
metals is dominated by the surface plasmon resonance, 
LJsp- For a nanometric particle, ujsp depends on the 
plasma frequency of the metal, the dielectric surround- 
ings and the particular geometry of the nanostructure. 
For an isolated metal cylinder in vacuum, the location of 
ijJsp is determined by the equation e(w) -1-1 = and the 
surface plasmon has a dipolar character. For the case of 
a silver cylinder ojgp — 3.6 eV. When nanoparticles are 
brought into close contact, electromagnetic coupling be- 
tween them provokes a shift of uisp to lower energies and 
the dipolar surface plasmon converts into a localised one, 
trapped in the region between the nanostructures |^ . An 
incident plane wave of appropriate frequency can excite 
this surface plasmon, creating a huge E field at this loca- 
tion and leading to large reductions in optical reflectance 
at this frequency. 

In Fig. 2 we show the optical reflectance for frequencies 
ranging from 1 to 4 eV, calculated for an array of close- 
packed carbon nanotubes filled with silver (see Fig.l). 
The diameter of the inner core, dim is varied between 

3 and 9.5 nm. As shown in the figure, for din > 5 nm 
there is a dip in the frequency dependence of the optical 
reflectance. This is a clear signal that for these values 
of dim the incident photon is exciting surface plasmons 
associated with the silver cylinders filling the nanotubes. 
Plasmons of carbon are located at higher energies, 5.2 
and 6.2 eV, and cannot be excited at these frequencies 
|]l2| . Moreover, the shift to lower energies of Lj gp as (Jjiji 
is increased indicates that encapsulated silver nanostruc- 
tures are electromagnetically coupled, their carbon shells 
serving as the medium for this interaction. We note that 
the silver surface plasmon is absent when din is less than 

4 nm, just the minimum value of din at which a carbon 
nanotube can be filled with silver using capillary forces 
0. Another interesting conclusion that can be drawn 
from looking at this figure is that the shift to lower en- 
ergies of ujgp is accompanied by a narrowing of the plas- 
mon linewidth. A narrow lincwidth indicates that ra- 
diative coupling to the vacuum of the plasmon is weak, 
and therefore a huge enhancement of the optical fields is 
expected for the largest values of din- 

It can be shown that for small values of din (5 or 6 
nm) the dip in the frequency dependence of the opti- 
cal reflectance is associated with excitation of a dipolar 
surface plasmon, similar to the one present in isolated 
silver cylinders. However, as the distance between the 
silver cylinders is reduced, the surface plasmon excited 
becomes more localised. In Fig. 3, we show a detailed 
picture of the E field generated by the incident photon 
for din = 8 nm. We have evaluated the fields at w = 2.5 



eV, the frequency of minimum reflectance for this case 
(see Fig. 2). Clearly the incident radiation is exciting 
a very localised surface plasmon and the intensity of the 
E field is strongly enhanced with respect to the incident 
one. The electric field within the carbon shell is also large 
because at this range of frequencies carbon behaves ef- 
fectively as a lossy dielectric. It is also worth mentioning 
that the induced charge (just the divergence of the E field 
shown in Fig. 3) is located not only on the surface of the 
silver cylinders but also within the carbon shell. This is 
due to the tensor-like character of the optical response of 
graphite that allows to fulfil the condition V • (eE) = 
with V • E different form zero not only at the interfaces 
but also inside the nanotubes. This bulk induced charge 
reinforces the intensity of the E field created by excita- 
tion of the silver surface plasmon. 

These results demonstrate that the ability to enhance 
optical fields, inherent to silver nanostructures, is still 
present when they are encapsulated inside carbon nan- 
otubes. However, as the surface plasmon strength de- 
pends on the diameter of the silver inner core, this ca- 
pability is expected to be very sensitive to this diameter. 
In order to evaluate this enhancing property quantita- 
tively, and investigate the possibility of using these sur- 
faces as SERS active substrates, we have calculated the 
local enhancement of the Raman signal of a molecule ab- 
sorbed in the region between the nanotubes. To a first 
approximation, this Raman signal depends on the fourth 
power of the total electric field at the molecule position 
(E(rm-,io)), and hence its enhancement due to the pres- 
ence of the surface is simply: 



where represents the location of the molecule, and 
Einc{oj) is the electric field associated with the incident 
plane wave. 

In Fig. 4 this enhancement is shown, as a function of 
the incoming photon energy and for difi'erent values of 
dim ranging from 5 to 9.5 nm. As expected from depen- 
dence of the excited surface plasmon linewidth on d^n, 
enhancement grows rapidly from 10^ for din = 5 nm 
to 10^ for din = 9.5 nm. As din is increased, the in- 
duced charge is becoming more localised and, therefore, 
the E field in the region between the nanotubes is larger. 
This behaviour had previously been found when study- 
ing the optical response of silver nanoparticles deposited 
on a silver surface For comparison, we show in the 
same figure the expected enhancement of the Raman sig- 
nal for an array of bare silver cylinders with diameters 
of 9.5 nm, their axis being separated by a distance of 
10.3 nm. Due to the lossy characteristics of carbon at 
this range of frequencies, encapsulated silver nanostruc- 
tures have a weaker enhancing capacity with respect to 
the bare ones. On the other hand, in the case of en- 
capsulated tubes the dependence of the enhancement on 



the energy of the incoming photon has a less pronounced 
resonant behaviour, and its value is large and practically 
constant at all frequencies within the visible range. This 
distinctive property of Ag-fiUed carbon nanotubes might 
be expected to be useful in practical applications. 

In conclusion, we have investigated the optical re- 
sponse of carbon nanotubes filled with silver. We have 
shown how a silver nanostructure's ability to enhance op- 
tical fields is retained when it is encapsulated inside these 
tubes. For the largest values of inner core radius, the en- 
hancement of the E field intensity can be as large as 10^. 
The experimental viability of building up ordered struc- 
tures made of these silver filled carbon tubes could open 
the possibility of using these systems as spectroscopic 
enhancers in the visible range. The optical properties of 
these structures could be tuned by varying the diameter 
of the inner core, carbon shells playing the role of moulds 
that avoid aggregation between the metal nanoparticles 
and fix their mutual separation. Standard SERS-active 
surfaces are well-known to be difficult to use in a con- 
trolled way, and encapsulated nanostructures can pro- 
vide, therefore, a novel technique for the preparation of 
well-defined SERS-active substrates. Moreover, the ca- 
pability of these systems to enhance optical fields can 
be used not only for spectroscopic purposes: if we shine 
a laser beam of appropriate frequency into a solution of 
Ag-fiUed carbon nanotubes, van der Waals attraction be- 
tween the tubes can be greatly photo-enhanced and bind- 
ing into 3D structures of Ag-fiUed carbon nanotubes can 
be facilitated. 
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Figure Captions 

Figure 1. Our model of an array of Ag- filled carbon 
nanotubes: the cylinders of outer diameter dout = 10 
nm are infinitely long in the 2;-direction and are dis- 
tributed periodically in the .T-clirection with a separation 
of d = 10.3 nm. The inner core filled with silver will 
be varied between 3 and 9.5 nm in our calculations. We 
study the ekx'tromagnetic interaction of this structure 
with a normally incident p-polarized plane wave of mo- 
mentum k and energy ui. 

Figure 2. Calculated optical reflectance of the struc- 
ture shown in Fig. 1 for a normally incident photon of 

frequency ranging from 1 to 4 eV, and different values of 
the inner core filled with silver, din- 

Figure 3. A detailed picture of the total E field gen- 
erated by a normally incident plane wave impinging on 
the array of Ag-filled carbon nanotubes of Fig. 1 with 
din = 8 nm. The E field is evaluated at uj = 2.5 eV, the 
frequency at which the optical reflectance is minimum for 
this case. The total E field is shown for two unit cells of 
the array. 

Figure 4. The local enhancement of the Raman sig- 
nal evaluated at the region between the nanotubes, for 
different values of din and as a function of the energy of 
the incoming photon. The same quantity, as evaluated 
for bare Ag cylinders of diameter 9.5 nm and separated 
by 10.3 nm, is also shown. 
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